Introduction {#Sec1}
============

The cutaneous wound healing process is divided into four predictable phases: hemostasis, inflammation, proliferation (growth of new tissue), and maturation (tissue remodeling) \[[@CR1]\]. The hemostatic phases involve platelet aggregation and fibrin clot formation. After hemostasis, inflammatory cells (neutrophils and monocytes) migrate into the injured tissue. These cells play an important role in defense against invasive microorganisms and secrete growth factors that are required for the proliferation phase \[[@CR1], [@CR2]\]. Inflammatory cells are important sources of reactive oxygen species (ROS) that can induce damage to the surrounding tissues by cross-linking of proteins and peroxidation of lipids \[[@CR3]\]. Recent studies have highlighted that low levels of ROS are required for cell signaling and angiogenesis \[[@CR4]\]. Thus, ROS are important in the wound healing process, but the overproduction of these molecules causes oxidative stress, resulting in prolonged and impaired wound healing. Therefore, the balance between production and elimination of ROS is necessary for the normal healing process. The defense system against overexpression of ROS is achieved by a variety of endogenous antioxidant molecules Including superoxide dismutase glutathione peroxidase, and catalase \[[@CR5]\]. There are also exogenous antioxidant compounds that accelerate wound healing processes like vitamin E, ascorbic acid, and phenolic compounds \[[@CR4]\].

Methylene blue (MB) is a phenothiazine dye with a redox potential of 11 mV. Because of its low redox potential, MB molecule can switch between its reduced and oxidized forms (MB and MBH~2~ respectively), which facilitates mitochondrial electron transport and results in reduced ROS production \[[@CR6]\]. Recent studies have shown that MB increases the longevity of skin fibroblasts and improves cell proliferation; thus, it could promote wound healing procedure \[[@CR7]\]. Rosique et al. studied burn wound healing in an animal model and showed that treatment with MB reduces the progression of burn and accelerates skin recovery \[[@CR8]\] but its efficacy in the surgical wound healing process has not yet been studied. MB is an oxygen-sensitive compound \[[@CR9]\] and must be protected against O~2~ when it is used in a transdermal formulation. In recent decades, the potential of niosomes as drug delivery systems has been extensively studied \[[@CR10]--[@CR12]\]. Niosomes are colloidal lamellar vesicles formed by mixing cholesterol (CHOL) and nonionic surfactants \[[@CR13]\]. The unique structures of these vesicles make them able to encapsulate both hydrophobic and hydrophilic drugs \[[@CR14]\]. Niosomes can protect the encapsulated drug from environmental degradation and prolong its half-life during blood circulation \[[@CR15]\]. The flexibility of these vesicles allows them to penetrate into the deep layers of the skin \[[@CR16], [@CR17]\].

The purpose of the current study was to design and develop an effective MB niosome formulation using a Box--Behnken statistical design and evaluate the vesicle size, zeta potential (ZP), entrapment efficiency (EE), and in vitro drug release kinetics. Also, the healing effect of MB niosome was evaluated using a full-thickness wound model.

Materials and methods {#Sec2}
=====================

Materials {#Sec3}
---------

MB was purchased from Sigma--Aldrich (USA). Sorbitan monostearate (Span 60), Polysorbate 60 (Tween 60), sodium hydroxide (NaOH), potassium dihydrogen phosphate (KH~2~PO~4~), and Sodium carboxymethyl cellulose were purchased from Merck KGaA (Germany). Cholesterol was purchased from Solar Bio Chemicals (China). Lipid peroxidation and superoxide dismutase assay kits from Navand Salamat Company (Urmia, Iran). All chemicals, used in the study were of analytical grades. Fresh deionized water was obtained from the Human Ultra-Pure System (Human Corp, Korea).

Niosome preparation by ultra-sonication technique {#Sec4}
-------------------------------------------------

Niosomes were prepared by direct ultra-sonication of samples. Briefly, 5 mg of MB dissolved in 20 ml of hot deionized water (80 °C) and the solution was added to a pre-heated mixture of surfactants and cholesterol. After hydrating the mixture for 60 min, the hot distilled water was gradually added to the system and the final volume reached 100 ml. After 20 min stirring at 500 rpm, the system was sonicated using a probe sonicator (SONOPLUS mini20, Bandelin electronic, Berlin, Germany) in pulsed mode (45 s pulse on and 15 s off, amplitude 50%). Then, the prepared niosomes were kept in the fridge (4--8 °C) for further characterization.

Experimental design {#Sec5}
-------------------

In this study, a 3-factor, 3-level Box--Behnken statistical design with 17 experiments was employed to optimize the formulation variables (Table [1](#Tab1){ref-type="table"}). The independent variables were emulsifier to CHOL ratio (X1), HLB of mixed surfactants (Span 60 and tween 60) (X2) and sonication time (X3). The EE percent (Y1), drug loading percent (DL%) (Y2), vesicle size (Y3), and ZP (Y4) were selected as dependent variables. The nonlinear quadratic model generated by the design is shown below:$$\documentclass[12pt]{minimal}
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Characterization of MB-loaded niosomes {#Sec6}
--------------------------------------

The mean size, polydispersity index (PDI) and ZP of niosomes were analyzed by Dynamic light scattering (DLS) using the Zetasizer Nano-ZS device (Malvern Instruments Ltd., UK). The diffraction pattern (XRD) was obtained using an X-ray diffractometer (model D8-Advance, Bruker AXS, Germany) at 40 kV, 30 mA, the angle range of 4 to 45° at a scan speed of 1°/min. FTIR spectroscopy was performed to characterize the interaction between the components. Infrared spectra were recorded in the range of 4000--450 cm^−1^, and the resolution of 1 cm^−1^ using an FTIR-One spectrometer (PerkinElmer, USA). Differential scanning calorimetry (DSC) measurements were carried out using a differential scanning calorimeter model pyris6 (PerkinElmer, Norwalk, USA). Nano-vesicles morphological state was examined using an EM 208S transmission electron microscope (TEM, Philips, Netherlands).

Encapsulation efficiency {#Sec7}
------------------------

The amount of encapsulated MB in the niosomal vesicles was evaluated using the centrifugation method. The niosomal dispersion was centrifuged at 27,000 rpm at 4 °C for 60 min (SIGMA 3-30KS refrigerated centrifuge, Germany). Then, the supernatant was collected and quantified by a UV-Vis Spectrophotometer (Jasco V-630, Japan) at 664 nm. The amount of entrapped drug (EE %) was calculated using the following equation:$$\documentclass[12pt]{minimal}
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The drug loading percent (D.L.%) of the formulations was also calculated, showing the relationship between the weight of the entrapped drug and the total weight of the niosome components.$$\documentclass[12pt]{minimal}
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Preparation of niosomal gel formulation {#Sec8}
---------------------------------------

The optimized formulation was prepared and centrifuged (1 h, 27,000 rpm at 4 °C). Then the Sediment was redispersed in 1.5 ml deionized water and centrifuged for another 15 min to purify nano-vesicles. In the last step by lyophilizing the sediment, powdered MB niosomes were obtained. To prepare the niosomal gel, the freeze-dried powder of optimum formulation was used. The colloidal dispersion was frozen in liquid nitrogen for 10 min and dried using a freeze-drier apparatus (Christ Alpha 1--2 LD plus, Martin Christ, Germany). The amount of the dried powder equivalent to 5 mg of MB was dispersed in 100 ml of distilled water. Then, sodium carboxymethyl cellulose (2 g) was added as a gelling agent. The mixture was left overnight at 4 °C, then stirred to obtain a homogeneous gel (0.005% w/w).

In vitro drug release study {#Sec9}
---------------------------

The dialysis tube diffusion technique was used to determine the release profile of MB from niosomal dispersion, free drug solution, and Na-CMC gel containing each of them. After centrifugation (1 h, 27,000 rpm at 4 °C), the sediment was separated and redispersed in the same volume of deionized water. Then 5 ml of dispersion was placed in the dialysis tube, hermetically sealed and soaked in a tube containing 35 ml of phosphate buffer (pH 5.5). The entire system was kept at 32 °C ± 0.5 °C with continuous shaking using an incubator shaker (KS 4000 ic control, IKA, Germany). The same tests were performed for free drug solution and gel formulations. Aliquots of the sample were withdrawn from the receiver solution at predetermined time intervals followed by filtering and analyzing the drug release using a spectrophotometer at 664 nm. After each assay, the sample was returned to the receiver container. For all dissolution in vitro tests, the sink condition was maintained.

Drug release kinetics {#Sec10}
---------------------

Drug release kinetics were evaluated using Kinet DS software version 3.0 (Jagiellonian University Medical College, Poland). In vitro drug release data were fitted to four mathematical models (zero order, first order, Weibull and Korsmeyer--Peppas). The determination coefficient (r^2^) for all models was calculated to find the best fitting model.

Animal models {#Sec11}
-------------

Male Wistar rats (weighing 200 to 250 g; laboratory animal center of Mazandaran University of medical science, MAZUMS, Mazandaran, Iran) were used in this study. The animals were housed individually at a constant temperature of 22 °C and 12 h light/dark cycle. They allowed free access to water and food during the period. All animal procedures based on the Guideline for the Care and Use of Laboratory Animals prepared by National Institutes of Health and were approved by the Animal Research Committee of MAZUMS (IR.MAZUMS.REC.1397.1373).

Full-thickness wound model {#Sec12}
--------------------------

To create short-term anesthesia, xylazine (20 mg/kg) and ketamine (100 mg/kg) were diluted in 100 μl of normal saline and injected intraperitoneally. The dorsal hairs were shaved and the skin of the area was sterilized with ethanol (70%). Full-thickness surgical excisions were performed on rat dorsal trunk skin by cutting a 2 × 2 cm area.

After surgery, rats were randomly divided into three groups of 10. Then the animals were randomly grouped as follows, group I-niosomal MB (0.005% w/w), group II- simple MB gel (0.005% w/w), and group III-controlled group that received gel without the active ingredient. Two milliliters of gel formulations were applied topically once a day for 3 weeks to each group.

Rate of healing {#Sec13}
---------------

The wound healing progression was assessed by digital photography. The healing rate was calculated by Gilman et al. \[[@CR18], [@CR19]\]. In this method, the wound area and the wound circumference are measured and the linear healing rate (D) is calculated according to the following formula:$$\documentclass[12pt]{minimal}
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In this equation, P~avg~ is the mean of the wound circumference at times t1 and t2.

Histology {#Sec14}
---------

Three rats in each group were sacrificed on postoperative days 3, 7, and 14 for histopathological and enzymatic examinations. Tissue samples from the wound area were removed by surgical excision and immediately fixed in a 10% formalin solution. Then these samples were embedded in paraffin blocks and 4--7 μm slices were prepared. All samples were sectioned and stained with hematoxylin and eosin (H&E) and Masson's trichrome (MT). Stained sections were observed for the pathological changes using a light microscope. In this study, a scoring system was used as a semi-quantitative method to compare wound healing speed between groups. A number of 6 histological factors were evaluated including epidermal regeneration, amount of granulation tissue, inflammatory cells infiltration, Angiogenesis, Proliferation of fibroblast cells, and Collagen deposit \[[@CR20]\]. Factors scored from 0 to 4 and the presence of normal structures received the highest scores.

Lipid peroxidation and antioxidant activity in granulation tissue {#Sec15}
-----------------------------------------------------------------

As mentioned earlier, three animals of each group were sacrificed on days 3, 7, and 14. Then, four pieces of 5-mm skin punch biopsy samples were taken at a distance of 2--3 mm from the wound margin. After rinsing with cold physiological saline and potassium chloride (1.15% KCl), the tissue samples were homogenized in potassium phosphate buffer (KPB, 0.1 M) and centrifuged at 18000 rpm for 20 min to remove debris. The clear supernatant was stored in − 70 °C until antioxidant enzyme assay.

Lipid peroxidation {#Sec16}
------------------

Malondialdehyde (MDA) was assayed as an end product of lipid peroxidation in tissue homogenate using an MDA Colorimetric Assay Kit using the thiobarbituric acid method \[[@CR21]\]. Briefly, 200 μL of tissue homogenate was mixed with 800 μL of 0.67% thiobarbituric acid (TBA) and heated on a water bath at 95 °C for 45 min, then cooled under the tap. The absorbance of the sample was then measured spectrophotometrically at 550 nm. Then UV absorbance data of samples were interpolated from the standard curve to calculate the concentrations of MDA in tissue. The amount of MDA was expressed as nanomoles of MDA formed per gram of skin tissue.

Superoxide dismutase (SOD) activity {#Sec17}
-----------------------------------

The total superoxide dismutase (SOD) activity of the supernatants was assayed based on the inhibition of pyrogallol autoxidation according to Marklund \[[@CR22]\]. The SOD activity was measured by using an assay kit (Navand Salamat Company, Urmia, Iran). The reaction mixture and blank were prepared following the manufacturer's instructions and the enzyme activity was carried out at 420 nm for 3 min against the blank and was calculated as follows:$$\documentclass[12pt]{minimal}
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To calculate ΔOD~control~ the difference in absorbance of the control sample was measured every 60 s for 3 min, then the average was calculated. The same calculations were performed for the test samples (ΔOD ~test~). In the above equation, Vs is the total volume of the sample solution and Vt is the volume of sample used for testing. Other factors are m and D which are respectively attributed to the weight of the solid sample in gram and dilution factor.

Results and discussion {#Sec18}
======================

Effect of independent factors on EE and physical characteristics of MB Niosomes {#Sec19}
-------------------------------------------------------------------------------

### Effect of independent variables on EE {#Sec20}

EE percent showed a wide variation from a minimum of 0% to a maximum of around 75% (Table [1](#Tab1){ref-type="table"}). Niosomes consist of an aqueous core surrounded by one or more bilayers composed of nonionic surfactants. The extent of drug entrapment in vesicles is influenced by the physicochemical properties of the drug, especially the partition coefficient (logP). MB with intermediate Log *P* values of 0.9 partitions between the bilayer and in the aqueous core \[[@CR23]\]. The effect of nonionic surfactants on the drug entrapment efficiency depends on their concentration \[[@CR14]\], as well as HLB when two or more surfactants are added to the formulation \[[@CR24]\]. To derive a relation between independent factors and EE percent of niosomes, different mathematical models were examined using the Box--Behnken design. The quadratic model showed a good fit of the experimental data with a *P* value of 0.0001 and lack of fit P value was 0.4866.$$\documentclass[12pt]{minimal}
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The model showed a proportional pattern between the HLB value (A) and the EE (*P* \< 0.05). As the HLB decreased, EE percent of the niosomes increased (Fig. [1a](#Fig1){ref-type="fig"}). This may be due to the chemical structure of surfactants. Span 60 with a smaller head group (sorbitan) as compared to Tween 60 (polyoxyethylene) decreased fluidity and permeability of bilayer; this in turn can improve the drug entrapment \[[@CR25], [@CR26]\]. Increasing the amount of cholesterol in the formulation improves membrane rigidity; thus, increasing the emulsifier to cholesterol ratio (B) has a negative effect on drug entrapment (*P* \< 0.05) (Fig. [1a](#Fig1){ref-type="fig"}). Formation of hydrogen bonds between the 3 beta-hydroxy groups of the cholesterol and the oxygen at the sorbitan monostearate ester group resulting in highly ordered gel formation, leading to less leaky and higher EE \[[@CR27]\]. FTIR results confirmed the possibility of hydrogen bonding between them which will be discussed later in the manuscript. According to the mathematical model, the interaction effect of A and B was found to give a positive impact on %EE (*P* \< 0.05). Varying the sonication time and independent factor interaction affected the EE percent, but the changes were not statistically significant. DL% was also calculated for all formulations. This parameter shows the amount of drug loaded per unit weight of niosomes, and the results showed that DL was varied between 0 and 3.71 ± 0.11%. The relationship between the DL% and the independent variables is shown in the following mathematical model.$$\documentclass[12pt]{minimal}
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The quadratic model showed a good fit to the DL% data but lack of fit test was significant (*P* \> 0.05). To solve this problem, backward regression was used to remove the minimum number of non-significant model terms. In the modified model the *p* value was 0.0001 and lack of fit was 0.056. The correlation pattern between DL% and independent variables was similar to E.E%. This equation shows that as the variables A and B increased, the percentage of DL decreased (*P* \< 0.05). Also, the interaction between these two variables had a significant and negative effect on drug loading percentage (P \< 0.05) (Fig. [1b](#Fig1){ref-type="fig"}).

### Effect of independent variables on vesicle size {#Sec21}

Table [1](#Tab1){ref-type="table"} shows that the size of the prepared vesicles ranged from 110.88 ± 4.65 nm to 613.76 ± 9.41 nm. The relationship between independent variables and the size of vesicles is presented as follows:$$\documentclass[12pt]{minimal}
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The quadratic model showed a good fit of the experimental data with a *p* value of 0.0004 and the lack of fit *p* value was 0.1. The results indicated that vesicle size decreased with an increase in cholesterol to surfactant ratio (B) and sonication time (C) (*p* \< 0.05) which is in agreement with previous findings \[[@CR28]--[@CR30]\]. Also, the interaction between A and B had a positive effect on the particle size (*p* \< 0.05) (Fig. [1c](#Fig1){ref-type="fig"}).

### Effect of independent variables on ZP {#Sec22}

Table [1](#Tab1){ref-type="table"} shows that ZP varied from 1.32 ± 0.68 mV to 35.96 ± 5.77 mV and all the formulations exhibited negative charges. Emulsifier to Chol (B) ratio and sonication time (C) are the most significant factors affecting the ZP of the vesicles (*p* \< 0.05). The equation to predict the ZP of niosomes can be expressed as:$$\documentclass[12pt]{minimal}
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The 2-factor interaction (2FI) model showed a good fit of the experimental data with a *p* value of 0.0002 and the lack of fit *p* value was 0.495. The model showed that decreasing sonication time and increasing the cholesterol/ emulsifier ratio resulted in a significant increase in the electrical charge intensity (*p* \< 0.05). Also, the interaction of B and C had a significant effect on the particle size reduction (*p* \< 0.05) (Fig. [1d](#Fig1){ref-type="fig"}). Previous studies have shown that CHOL has a negative surface charge in the pH range 2.0--10.5 \[[@CR31], [@CR32]\]. On the other hand, nonionic surfactants and MB have no electrical charge; therefore, the electrical surface charge of the vesicle depends only on the amount of cholesterol.

Optimization {#Sec23}
------------

The point prediction method was applied to the selected optimized MB-loaded niosomal formulation for attaining the minimum vesicle size and maximum value of EE. The optimal values of independent variables were HLB 7.36, emulsifier to cholesterol ratio of 2.62, and sonication time of 8.6 min. The predicted optimized formulation had the vesicle size of 148.99 ± 18.19 nm with ln(ZP) of 2.75 ± 0.12 (ZP average = 15.67) and EE of 60.51 ± 2.64% whereas the values of the observed response were found to be 147.8 nm, − 18.0 mV, and 63.27% respectively (Supplementary Fig. [1](#MOESM1){ref-type="media"}). There was a linear relationship between predicted and experimental values of all dependent variables that indicate the selected models fitted to the experimental data very well (Supplementary Fig. [2](#MOESM1){ref-type="media"}).

Physical properties of optimized vesicles {#Sec24}
-----------------------------------------

The DSC and XRD tests were used to investigate the crystalline structure of MB and excipients in niosomal formulation. The thermographs for MB, Span 60, cholesterol and freeze-dried niosome powder are illustrated in Fig. [2](#Fig2){ref-type="fig"}. The DSC scan of Span 60 and cholesterol displayed a single endothermic melting peak at 52.399 and 148.930 °C, respectively. DSC curve of MB exhibited an endothermic pick at 133.963 and an exothermic pick at 198.107 °C. Previous studies on the crystalline state of MB demonstrated the presence of methylene blue in five different hydrate forms, so the endotherm could be attributed to solid state transformation of two hydrate forms and the presented exotherm shows MB decomposition \[[@CR33]\].Fig. 2Differential scanning calorimetric thermograms of MB, Span 60, cholesterol, and freeze-dried niosome powder

Niosomal sample spectrum showed no observable peak suggesting MB and other crystalline ingredients were present in the amorphous state. The XRD spectra of freeze-dried niosome powder, MB, Span 60, and cholesterol are shown in Fig. [3](#Fig3){ref-type="fig"}. Pure MB powder exhibited numerous sharp peaks at 5.88°, 11.28°, 25°, and 27°. Span 60 showed a single peak at 21.12° and cholesterol exhibited intense peaks at 5.12° and 15.52°. XRD diffraction of free MB and other ingredients confirmed their crystalline nature and the diffraction patterns were in good agreement with the data reported in previous studies \[[@CR34]--[@CR36]\]. Niosome spectra presented fused peaks with few separated peaks (almost all characteristic peaks were disappeared), which indicates the amorphous structure of the drug and excipients. These results are in accordance with the DSC data.Fig. 3The Powder X-ray spectra of freeze-dried niosome powder, MB, Span 60, and cholesterol

TEM analysis has demonstrated the presence of spherical vesicles in the nanometer range (Fig. [4](#Fig4){ref-type="fig"}).Fig. 4TEM images of MB niosomes

In vitro drug release study {#Sec25}
---------------------------

In vitro drug release profile of optimized niosomal dispersion, MB aqueous solution, and gel formulations are shown in Fig. [5](#Fig5){ref-type="fig"}. The Korsmeyer--Peppas release model showed the best fit (RSQ = 0.9987) in the optimized formulation compared with other models shown in Table [2](#Tab2){ref-type="table"}. In this mathematical model, n is the release exponent which indicates the drug release mechanism. The n value of the optimized niosomal dispersion was found in the range of 0.43 and 0.85 indicating the drug release followed the non-Fickian (anomalous diffusion) mechanism, involving both diffusion and erosion \[[@CR37]\]. On the other hand, the release data of the niosomal dispersion showed good fitting to the Higuchi release model (RSQ = 0.9973) and zero-order equation (RSQ = 0.9577). Due to the proper adaptation of the data in all three models. It can be concluded that the drug release from vesicles is more likely to occur through the diffusion process \[[@CR38], [@CR39]\]. In gel formulations containing niosomes or free drug, release data were best fitted in the Korsmeyer--Peppas model (RSQ equal to 0.9848 and 0.9906 respectively, 0.43 \< *n* \< 0.85) indicating the drug release followed non-Fickian diffusion. In the first hour, the cumulative percentage release of niosomal MB (26.897 ± 1.55%) was significantly lower than that of free drug (45.064 ± 0.93%) (*p* \< 0.05). These results indicated that the vesicles can control the drug release rate and act as a prolonged drug delivery system compared with the free drug solution. These findings are in agreement with previous reports on the niosome potency for sustained drug release \[[@CR40]--[@CR42]\].Fig. 5In vitro drug release profile of optimized niosomal dispersion, MB aqueous solution, and gel formulationsTable 2Drug release kinetics data of optimized niosomal dispersion, MB aqueous solution, and gel formulationsZero orderFirst orderKorsmeyer--PeppasHiguchiRSQRSQRSQ*n*RSQNiosomal dispersion0.95770.84390.99870.50530.9973Free drug solution0.68920.57470.8973--0.8408Niosomal gel0.94520.85160.98480.47920.9811Free drug gel0.89280.77930.99060.4740.9769*RSQ*: linear regression coefficient; *n*: diffusional exponent in Korsmeyer--Peppas model; *β*: diffusional exponent in Weibull model

FTIR analysis {#Sec26}
-------------

The FTIR spectra of MB, Span 60, cholesterol, and freeze-dried niosome powder are shown in Fig. [6](#Fig6){ref-type="fig"}. The spectrum of MB showed characteristic peaks as C=C aromatic ring vibration (1600 cm^−1^), C--N stretching (1489 and 1393 cm^−1^) and methylene bending (1356 and 1338 cm^−1^). Spectrum of cholesterol displayed characteristic peaks of methylene rocking (802 cm^−1^), C--O stretching (1055 cm^−1^), C--H bond stretching (2800--3000 cm^−1^), C--H bond bending (1376 cm − 1), and --OH stretching (a broad peak in the range of 3100--3600 cm^−1^). Span 60 showed peaks as C=O stretching (1738 cm^−1^), --C--CO--O-- (1171 cm^−1^), aliphatic CH stretching, asymmetric and symmetric (2916 cm^−1^ and 2849 cm^−1^ respectively), and aliphatic --CH2-- rocking (722 cm^−1^). The characteristics peaks of MB, cholesterol, and Span 60 were presented in niosome FTIR spectra which confirmed the absence of any chemical interactions between them. A very broad peak which appeared in the range 3000--3700 cm^−1^ is attributed to a strong hydrogen bond between formulation components and according to previous studies, the hydrogen bond is most likely to form between cholesterol and Span 60 (Supplementary Fig. [3](#MOESM1){ref-type="media"}) \[[@CR27]\].Fig. 6FTIR spectra of MB, Span 60, cholesterol, and freeze-dried niosome powder

In vivo wound healing study {#Sec27}
---------------------------

The optimized MB noisome formulation was converted into gel dosage form and applied transdermally for in vivo wound healing studies. As shown in Fig. [7a](#Fig7){ref-type="fig"}, by day 14 wounds treated with MB (niosomal or free drug gel) were approximately closed, while those treated with placebo gel remained slightly open. The linear wound healing rate was calculated at different time intervals. The results showed that the wound healing rate in the niosomal MB-treated group was higher than the other groups during the first week after surgery (*P* \< 0.05) (Fig. [7b](#Fig7){ref-type="fig"}). The speed of recovery in the study groups was close to each other over time, and on day 14, there was no significant difference. The anti-inflammatory and antioxidant potential of MB accelerated the wound healing process \[[@CR6], [@CR8]\]. The histological evidence and tissue enzyme profile indicate that the wound healing progress is associated with MB antioxidant activity and the details will be discussed in the next sections.Fig. 7**a** Digital photographs of excision wounds healing process by MB niosomal gel, free drug gel, and placebo gel treatment on day 0, 3, 7, 10, and 14 after surgery. **b** Linear wound healing rate in different treatment groups at different time intervals. **c** Histological features of hematoxylin and eosin (H&E) and Masson's trichrome (MT) of skin tissue samples of different treatment groups on days 7 and 14 after surgery

Histopathology {#Sec28}
--------------

The repair of skin architecture has been studied by H&E and MT staining of the tissue specimens. After an injury, vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF), initiate angiogenesis and mediate blood vessel growth \[[@CR43]\]. Angiogenesis is amplified during the inflammatory stage. In the proliferation phase, the number of newly formed vessels exceed the normal level. During the remodeling phase, many endothelial cells undergo apoptosis and the number of vessels decreases \[[@CR44], [@CR45]\]. Histopathological evaluation showed that 7 days after surgery, neovascularization in granulation tissue developed tended to be positively associated with inflammatory cells and fibroblasts. One week after surgery, new epithelium formed at the edge of the wounds in all of the three groups but developed in the treatment group (Fig. [7c](#Fig7){ref-type="fig"}). Collagen is the major structural protein in the extracellular matrix creating scaffolds for cellular attachment, growth, and differentiation \[[@CR46]\]. In the remodeling stage, collagen reorganization occurs and the formation of cross-links between fibers improves wound tensile strength \[[@CR47]\]. MT staining can highlight the collagen fiber remodeling (the protein is stained blue) \[[@CR48]\]. After 7 days of treatment, the tissue samples stained with MT and niosomal gel-treated wounds showed higher collagen production compared with other groups (Fig. [7c](#Fig7){ref-type="fig"}). At day 14, there were thicker collagen fibers in organized parallel bundles, populated with less inflammatory infiltrate and more fibroblasts in niosomal gel treatment group. At the same time, thin granulation tissue, a considerable number of inflammatory cells, and disorganized collagen fibers were observed in wounds of both free MB-treated and control groups. As previously described, histological characteristic parameters were scored to compare healing speed between groups. Results showed that niosomal gel-treated wounds earned the highest scores in this comparison (Supplementary Fig. [4](#MOESM1){ref-type="media"}).

Antioxidant status of wound tissue {#Sec29}
----------------------------------

To determine the extent of lipid peroxidation, the MDA levels in tissue homogenate of skin samples were evaluated and the results are shown in Fig. [8a](#Fig8){ref-type="fig"}. On day 3 after surgery, the MDA level was significantly decreased in niosomal gel-treated rats compared with negative control and bulk-treated groups (*P* \< 0.05). Similar results were found at day 7 post-surgery. The data showed no significant differences between the levels of MDA in the studied groups at days 14 and 21. The effect of bulk and niosomal MB on SOD activity in the skin samples is shown in Fig. [8b](#Fig8){ref-type="fig"}. The results of the SOD level measurement on the 3rd and 7th days after surgery showed that treatment with niosomal gel caused a significant inhibition in the SOD activity; consequently, the enzyme level was elevated compared with other groups (*p* \< 0.05). MB is known as a redox dye, which increases the rate of cytochrome c reduction in mitochondria. The MB electron shunt effect reduces mitochondrial superoxide free radical production \[[@CR6]\]. Thus, MB acts as an antioxidant and reduces cell damage during wound healing. Xiong et al. studied oxidative stress as a major cause of skin aging. Efficacy of MB on wound healing acceleration was evaluated using cultured 3D human skin model and the results showed an increase in the proliferation rate of fibroblasts. They concluded that MB promotes skin repair capabilities \[[@CR7]\].Fig. 8Malondialdehyde (**a**) and superoxide dismutase (**b**) levels in tissue homogenate of skin samples on days 3, 7, 14, and 21 after surgery

On day 14, levels of MDA restored to near normal in all groups. The wound healing process was found to be accelerated in the treatment group due to the decrease in the levels of antioxidants.

Conclusion {#Sec30}
==========

In the present study, the Box--Behnken design was employed to achieve the maximum drug %EE and minimum vesicle size. The results showed that this statistical technique was efficient in optimizing the properties of nanoparticles. One of the main challenges of this study was the loading of a hydrophilic compound (MB) into the vesicles. The results showed that the optimized formulation had high encapsulation efficiency and good stability. Macroscopic, pathological, and biochemical studies of surgical wounds showed that the recovery rate in the niosomal MB-treated group was higher than the other groups. To evaluate the efficacy of niosomal gel in human wounds, the most important issue facing researchers is the sterilization of the product, which is possible by controlling the raw materials for the presence of microorganisms and pyrogen compounds and the production environment. The next issue is determining the appropriate dose of the drug. Sustained drug delivery reduces the need for multiple prescriptions and the proper penetration of niosomes into the skin tissue which reduces the amount of drug required per administration. In this study, MB dose was determined based on previous studies. It is suggested that in clinical studies, the dose of the drug should be selected as a variable to determine its optimal value for wound healing.
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